The complete nucleotide sequence (16,650 bp) of the mitochondrial genome of the salamander Mertensiella luschani (Caudata, Amphibia) was determined. This molecule conforms to the consensus vertebrate mitochondrial gene order. However, it is characterized by a long non-coding intervening sequence with two 124-bp repeats between the tRNA Thr and tRNA Pro genes. The new sequence data were used to reconstruct a phylogeny of jawed vertebrates. Phylogenetic analyses of all mitochondrial protein-coding genes at the amino acid level recovered a robust vertebrate tree in which lungfishes are the closest living relatives of tetrapods, salamanders and frogs are grouped together to the exclusion of caecilians (the Batrachia hypothesis) in a monophyletic amphibian clade, turtles show diapsid affinities and are placed as sister group of crocodiles+birds, and the marsupials are grouped together with monotremes and basal to placental mammals. The deduced phylogeny was used to characterize the molecular evolution of vertebrate mitochondrial proteins. Amino acid frequencies were analyzed across the main lineages of jawed vertebrates, and leucine and cysteine were found to be the most and least abundant amino acids in mitochondrial proteins, respectively. Patterns of amino acid replacements were conserved among vertebrates. Overall, cartilaginous fishes showed the least variation in amino acid frequencies and replacements. Constancy of rates of evolution among the main lineages of jawed vertebrates was rejected. D
Introduction
Salamanders, the tailed amphibians (order Caudata), may represent a living paradigm of the tempo and mode in which the adaptations that are required to live on land were acquired in the evolution of vertebrates. Many of the 400 or so living salamander species (Frost, 1985) display peculiar feeding, breathing, urogenital, and reproductive apparati, which can be interpreted as alternative or sequential morphological adaptations to terrestrial life that were evolved when sarcopterygian ancestors of amphibians colonized land in the Devonian (360 MYA). Moreover, salamanders are also characterized by a wide variety of gametogenetic, mating, developmental, and parental care strategies (Duellman and Trueb, 1994) , which can be perceived as an adaptation to permit reproduction on terrestrial conditions.
To trace and better understand the sequence of evolutionary events that produced the diversity in life modes exhibited by salamanders, it is mandatory first to infer the phylogenetic relationships of the group with other living amphibians (i.e. frogs and caecilians) and with other vertebrates (Titus and Larson, 1995) . Therefore, we determined the complete sequence of the mitochondrial genome of an old world salamander, Mertensiella luschani. The usefulness of these new mitochondrial sequence data in resolving controversies on amphibian phylogenetic relationships was addressed elsewhere (Zardoya and Meyer, 2001 ). Here, we present a formal description of the molecular and structural features of the salamander mitochondrial genome and compared it with the complete mitochondrial genomes of other relevant jawed vertebrates.
Materials and methods

Mitochondrial DNA extraction
Mitochondrial DNA (mtDNA) was purified from eggs and liver of six specimens of the salamander species M. luschani, as previously described (Zardoya et al., 1995) . After homogenization, mitochondria were separated from intact nuclei and cellular debris by a low-speed centrifugation. Mitochondrial DNA was extracted from isolated mitochondria by a standard alkaline lysis procedure, and cleaved with EcoRI and HindIII restriction enzymes. Two EcoRI fragments of 1.3 (comprising the complete control region) and 0.7 (partial ND1) kb, and four HindIII fragments of 2.2 (including the 3V end of COI and 5V end of COII), 0.9 (5V end of COI), 0.9 (partial ND2), and 0.6 (5V end of ND1 to tRNA-Met) kb were cloned into pUC18.
PCR amplification, cloning, and sequencing
The remaining portion of the mitochondrial molecule was amplified by PCR using the mtDNA extract as DNA Kocher et al. (1989) . b Zardoya and Meyer (1997) . c Palumbi et al. (1991) . d Arevalo et al. (1994) . e Moritz et al. (1992) . template source. To this end, highly conserved (Kocher et al., 1989; Palumbi et al., 1991; Moritz et al., 1992; Arevalo et al., 1994; Zardoya and Meyer, 1997) , and newly designed PCR primers (Table 1) were used to amplify up to 16 contiguous and overlapping fragments. The PCR amplification was conducted in 25 Al reactions containing 67 mM Tris -HCl, pH 8.3, 1.5 mM MgCl 2 , 0.4 mM of each dNTP, 2.5 AM of each primer, template mtDNA (10 -100 ng), and Taq DNA polymerase (1 unit, Promega), using the following program: 1 cycle of 2 min at 94 jC, 35 cycles of 60 s at 94 jC, 60 s at 45 -50 jC, and 60 -105 s at 72 jC, and finally, 1 cycle of 5 min at 72 jC. PCR fragments were cloned into the pGEM-T vector (Promega). Recombinant plasmids were sequenced using the FS-Taq Dye Deoxy Terminator cycle-sequencing kit (Applied Biosystems) on Applied Biosystems automated DNA sequencers (373A Stretch and 377) following manufacturer's protocols. DNA sequences of both strands were obtained using M13 universal (forward and reverse) sequencing primers. The sequences obtained from each clone averaged 450 bp in length and each sequence overlapped the next contig by about 100 bp. In no case were differences in sequence observed between the overlapping regions.
Molecular and phylogenetic analyses
Sequence data were analyzed with the GCG program package (Devereux et al., 1984) , MacClade version 3.06 (Maddison and Maddison, 1992) , and PAUP* version 4.0b8 (Swofford, 1998) . The average frequency of the different amino acid replacements for the main lineages of vertebrates was estimated with the CHART STATE CHANGES and STASIS option in MacClade based on the species used in the phylogenetic analyses (Appendix A).
To reconstruct a phylogeny of gnathostomes, the deduced amino acid sequences of all salamander mitochondrial protein-coding genes (except ND6) were aligned to homologous sequences of other representative vertebrates (Appendix A) using CLUSTAL W (Thompson et al., 1994) . Alignments were refined by eye and gaps were treated as missing data. Ambiguous alignments were determined using the Gblocks v0.73b program (Castresana, 2000) and were excluded from the phylogenetic analyses.
The data set was analyzed with maximum parsimony (MP), minimum evolution (ME), maximum likelihood (ML), and Bayesian methods of phylogenetic inference. MP analyses (PAUP* version 4.0b8; Swofford, 1998) were performed using heuristic searches (TBR branch swapping; MulTrees option in effect) with 10 random stepwise additions of taxa. ME analyses (Rzhetsky and Nei, 1992) were performed using mean distances in PAUP* version 4.0b8 (Swofford, 1998) . ML analyses were performed in PUZ-ZLE version 4.0.1 (Strimmer and von Haeseler, 1996) using the mtREV model (Adachi and Hasegawa, 1996) . Bayesian analysis was performed in MrBayes version 2.01 (Huelsenbeck and Ronquist, 2001 ) using the JTT model (Jones et al., 1992) . Robustness of the inferred trees was tested by non-parametric bootstrapping (Felsenstein, 1985) , quartet puzzling, and Bayesian posterior probability analyses, as implemented in PAUP*, PUZZLE, and MrBayes with 500 pseudoreplications, 1000 quartet puzzling steps, and 100,000 generations, respectively.
Constancy of rates of evolution among vertebrates was estimated with a log likelihood ratio test and the mtREV model (Adachi and Hasegawa, 1996) by using PUZZLE version 4.0.1 (Strimmer and von Haeseler, 1996) . To determine which groups were evolving at significantly different rates, a relative ratio test with Poisson-corrected distances was performed by using Phyltest version 2.0 (Kumar, 1996) .
The complete nucleotide sequence of the salamander mt genome was deposited in GenBank under accession number AF154053.
Results and discussion
Organization of the salamander mitochondrial genome
The mitochondrial genome of the salamander M. luschani is 16,650 bp long and conforms to the consensus vertebrate mitochondrial gene order (Fig. 1) . As in other vertebrates, 2 rRNAs, 22 tRNAs, and 13 proteins are encoded by the salamander mitochondrial genome (Fig. 1) . The overall base composition of the L-strand is A: 32%, T: 29%, C: 24%, and G: 15%. There are only nine noncoding intergenic spacer nucleotides. Interestingly, this paucity of intergenic spacers contrasts with the existence of a long non-coding stretch of 320 bp separating tRNA Thr and tRNA Pro genes (Fig. 1) . This intervening sequence includes two 124-bp repeats. Both repeats differ in five transitions. No significant matches for the repeat motif were found in a GenBank search, so its evolutionary origin is unknown. Similar cases of intervening noncoding sequences between two tRNAs have been documented in two birds, Falco peregrinus and Smithornis sharpei (Mindell et al., 1998) . In both cases, the stretch is located between tRNA Glu and tRNA Phe genes. In F. peregrinus, the intervening sequence also contains repeats. Interestingly, in both bird mitochondrial genomes the Fig. 2 . Majority rule (50%) consensus trees depicting phylogenetic relationships of jawed vertebrates. A data set combining the deduced amino acid sequences of all mitochondrial protein-coding genes (except ND6) and of 36 representative vertebrate taxa was subjected to MP (bootstrap values based on 500 bootstrap pseudoreplications; upper value of each triplet of numbers above the nodes), NJ (bootstrap values based on 500 bootstrap pseudoreplications; middle value of each triplet of numbers above the nodes), ML (quartet puzzling support values based on 1000 puzzling steps; lower value of each triplet of numbers above the nodes), Bayesian (posterior probabilities based on 100,000 generations; numbers below the nodes) analyses. Cartilaginous fishes were used as outgroup taxa.
tRNA
Thr and tRNA Pro genes are separated by the control region. The origin of these rearrangements in the bird mitochondrial genomes seems to be related with the translocation capacity of the involved tRNA genes and their close proximity to the origin of the heavy-strand replication within the control region (Mindell et al., 1998) . A similar mechanism might be involved in the origin of the intervening sequence that separates salamander mitochondrial tRNA Thr and tRNA
Pro genes. The control region of the salamander mitochondrial genome is 922 bp long. Both conserved sequence blocks (CSB-1, CSB-2, and CSB-3; Walberg and Clayton, 1981) and termination-associated sequences (TAS-1 and TAS-2; Doda et al., 1981) were identified in the salamander mitochondrial control region. Interestingly, the salamander CSB-1 shares high similarity to the vertebrate CSB-1 consensus, and it is not reduced to a truncated pentamotif (5V-GACAT-3V) as in the frog, and the caecilian (Zardoya and Meyer, 2000) . As in most vertebrates, the origin of light strand replication (O L ) of the salamander mitochondrial genome, is located in a cluster of five tRNA genes (WANCY region) between tRNA Asn and tRNA Cys ( Fig. 1) (but see Seutin et al., 1994) . This region is 34 nucleotides in length and has the potential to fold into a stem-loop secondary structure (not shown). The folding of the O L does not require to use a considerable part of the adjacent tRNA Cys as has been described for the caecilian (Zardoya and Meyer, 2000) . The salamander O L loop, as in other tetrapods, contains a stretch of thymines that is needed for the initiation of L-strand synthesis (Wong and Clayton, 1985) .
The salamander 12S and 16S rRNA genes are 921 and 1567 nucleotides long, respectively (Fig. 1) . Our salamander 12S rRNA gene sequence showed only minor differences (96% similarity) to that previously reported (Titus and Larson, 1995) . The salamander tRNAs ranged in size from 65 to 75 nucleotides, and showed size variability in their DHU and TcC arms when compared to other vertebrate mitochondrial tRNAs. Most salamander mitochondrial protein-coding genes begin with a ATG start codon. However, COI and ND3 start with GTG, and ND6 with ATC. Most salamander ORFs end with incomplete stop codons, either T (ND1, ND2, COII, COIII, ND3, ND4, and Cyt b) or TA (ATPase 6). COI ends with AGG, ND6 with AGA, and ATPase 8, ND4L, and ND5 with TAA.
Phylogenetic relationships among jawed vertebrates
The deduced amino acid sequences of all mitochondrial protein-coding genes (except ND6) of 36 representative vertebrate taxa (see Appendix A) were combined into a single data set. We did not include Rana nigromaculata (Sumida et al., 2001) in the analyses because this species has a extremely long branch that produces phylogenetic reconstruction artifacts (results not shown). An alignment of 3676 positions was produced. A total of 416 positions were excluded because of ambiguity, 1176 were invariant, and 1609 were parsimony-informative. One single most parsimonious tree of 13,355 steps was recovered when cartilagionous fishes were used as outgroup (Fig. 2) . In this tree, eels are the most basal lineage within a monophyletic teleost group (Inoue et al., 2001b; Miya et al., 2001) , lungfishes are the sister group of tetrapods , and amphibians are recovered as a monophyletic group at the base of tetrapods (Zardoya and Meyer, 2001 ). Moreover, turtles show diapsid affinities and are placed as the sister group of archosaurs (crocodiles and birds) Kumazawa and Nishida, 1999) , and marsupials and monotremes form a monophyletic group (Janke et al., 1996) (Fig. 2) . Among amphibians, a sistergroup relationship of salamanders and frogs (the Batrachia hypothesis) to the exclusion of caecilians is recovered (Zardoya and Meyer, 2001) (Fig. 2) . ME, ML, and Bayesian phylogenetic analyses arrived at similar and congruent topologies (Fig.  2) . The robustness of the results was confirmed by high bootstrap (quartet puzzling and Bayesian posterior probability) support of most of the nodes in the tree (Fig. 2) .
Most of the phylogenetic relationships recovered in the molecular tree are in agreement with current morphological and paleontological evidence. The basal position of anguilliformes within teleosts is well supported by morphological data (Nelson, 1994) . Despite there has been a long-standing controversy on which is the closest living sister group of tetrapods, the latest morphological and paleontological analyses favor lungfishes as the closest relatives of tetrapods (Cloutier and Ahlberg, 1997) . Most phylogenetic analyses based on morphological characters support the batrachia hypothesis (Trueb and Cloutier, 1991) . Traditionally, turtles have been considered the only survivors of anapsid reptiles. However, recent studies based on reptile morphology strongly support the diapsid affinities of turtles (Rieppel C, reptiles; D, amphibians; E, lobe-finned fish; F, ray-finned fish) are shown. An asterisk denotes those cases in which rate constancy was rejected at the 5% significance level. and deBraga, 1996) . The only important conflict between molecules and morphology is on the phylogenetic relationships of mammals. Mitochondrial data support a close sister group relationship of marsupials and monotremes, the marsupionta hypothesis (Gregory, 1947) , whereas most paleontological and morphological data favor a close relationships of marsupials and placental mammals to the exclusion of monotremes (Carroll, 1988) . Recently, a large nuclear gene, the mannose 6-phosphate/insulin-like growth factor II receptor, was isolated and sequenced from various representatives of monotremes, marsupials, and placental mammals (Killian et al., 2001) . Nuclear gene sequence data support marsupials as the sister group of placentals to the exclusion of monotremes (Killian et al., 2001) .
Our results reject earlier phylogenetic studies based on mitochondrial sequence data that used lamprey or hagfish as outgroup taxa, and recovered rather unorthodox vertebrate phylogenies (Rasmussen and Arnason, 1999a,b) . Strong support of the vertebrate tree both from morphology and molecules provides a phylogenetic framework that will be helpful in interpreting the results of many comparative studies of living vertebrates.
Comparative vertebrate mitogenomics
The average frequencies of different amino acids for each of the main lineages of jawed vertebrates are shown in Fig.  3 . Leucine is the most abundant amino acid in mitochondrial proteins, whereas cysteine is the rarest. The relative frequency of amino acids in mitochondrial proteins is in agreement with their hydrophobic properties and membrane location (Naylor et al., 1995) . The relative proportion of Ile, Lys, Met, Ser, and Thr in mitochondrial proteins increases from fish to mammals. In contrast the relative frequency of Ala, Glu, Gly, Arg, and Trp in mitochondrial proteins apparently decreases from fish to mammals. The remaining amino acids maintain stable frequencies among vertebrates. Cartilaginous fishes showed the least variation in amino acid frequencies.
Amino acid replacements were found to be relatively constant among main vertebrate lineages (Fig. 4) and might indicate functional and structural constraints of mitochondrial proteins. The most frequent amino acid changes were Leu to Ile, leu to Met, Ile to Val, Val to Ile, Ala to Ser, and Thr to Ser. Cys and Arg are barely replaced in vertebrates. Almost no amino acid replacement yields Trp. Amino acid replacements were less frequent in cartilaginous fishes compared to other vertebrates. This phenomenon may be directly related to the observed slow rates of evolution of shark mitochondrial proteins (Martin et al., 1992) .
Evolutionary rate constancy among the main vertebrate lineages was tested. A log likelihood ratio test between the most likely trees with and without the assumption of a molecular clock was performed. The clock-like tree was rejected on a significant level of 5%. None of the main lineages of vertebrates evolve at the same rate (Fig. 5A) .
Moreover, most of the vertebrate taxa analyzed show heterogeneous rates of evolution ( Fig. 5B -E) . Hence, it was not possible to estimate divergence dates for the main lineages of vertebrates under the assumption of a molecular clock.
In conclusion, we have determined the complete sequence of the mitochondrial genome of a salamander and used it to infer phylogenetic relationships among the main lineages of vertebrates and to characterize general trends in the molecular evolution of vertebarte mitochondrial proteins. Our results show slight differences in amino acid frequencies of mitochondrial proteins among vertebrate main lineages but a fairly constant amino replacement pattern across all vertebrate groups. Moreover, vertebrate taxa are characterized by significantly different rates of evolution with few exceptions. Despite these putative biases, phylogenetic inference based on different methods and a combined mitochondrial amino acid sequence data set recovered a strongly supported vertebrate phylogeny that is in agreement with morphological and paleontological evidence.
